The radiation of cichlid ¢shes in the African great lakes is often described as adaptive, because, at a super¢cial level, cichlid ¢shes seem adapted to the ecological niches they occupy. However, adaptiveness has rarely been studied. We investigated to what extent island populations of three species of the rockdwelling genus Neochromis, endemic to Lake Victoria, are adapted anatomically to exploit locally abundant resources. Speci¢cally, we asked whether di¡erent resource environments were re£ected in di¡erences in the feeding apparatus, both within species and between species. In populations of two specialized biters, the algae scrapers N. rufocaudalis and N. omnicaeruleus, the biting force of the lower jaw increased with increasing amount of items that require biting in the diet. N. greenwoodi is a less specialized biter; we found di¡erences between two populations in the hyoid position and in the premaxilla that enhance suction feeding. These adaptations were related to the amount of items requiring suction. Comparing across three sympatric pairs of species, in each case di¡erent diets were re£ected in di¡erences in anatomy.
INTRODUCTION
The question of why there are so many species of cichlid ¢shes in the African great lakes has been debated for several decades. Discussion revolves around two ideas: (i) cichlid speciation is promoted strongly by sexual selection (Dominey 1984; Turner & Burrows 1995; ; and (ii) cichlid`design' provides a unique substrate for rapid anatomical change (Liem 1973; Greenwood 1991; Galis & Metz 1998) . These ideas are not con£icting, but are complementary (Galis & Metz 1998) . Sexual selection is a mechanism that may produce reproductively isolated forms (or species), but cannot account for the adaptive radiation of cichlids which permits them to use virtually all resources in the great lakes. Highly adapted anatomical features and body shapes can be achieved through relatively gradual modi¢cations, involving slight heterochronic shifts in the ontogeny (Strauss 1984; Meyer 1987; Greenwood 1991) .
Philopatry, small brood sizes, and parental care, leading to low dispersal, may create the possibility of intralacustrine, allopatric speciation. Rock-dwelling cichlids, which are often reluctant to cross stretches of open water or other substrates are good candidates for such processes (McKaye & Gray 1984) . Fine-scale genetic di¡erentiation has been shown for many of these species (Dorit 1990; Bowers et al. 1994; van Oppen et al. 1997) , although in some species, which might be better dispersers, no such a di¡erentiation was found (Meyer et al. 1996) . However, ¢ne-scale genetic di¡eren-tiation in populations of rock-dwelling species in itself does not necessarily lead to allopatric speciation, because selection pressures may be similar across the range of a species (McPeek (1996) and references therein). Conversely, if populations in di¡erent parts of a species' range experience di¡erent selection regimes, populations in these di¡erent areas may evolve to the point of di¡eren-tiation that can lead to speciation (McPeek (1996) and references therein). The aim of this paper is to trace adaptations in natural populations of cichlid ¢shes. An adaptation is a trait that enhances ¢tness and that arose historically as a result of natural selection for its current biological role (Lauder 1996) . We analyse adaptations in the prey-capture apparatus using models from functional morphology to predict how shapes of structures should change to improve exploitation of certain resources. Adaptiveness of traits has, to our knowledge, never been tested in natural populations of cichlids, but the functional anatomy of the feeding apparatus has been well described (Liem 1980 (Liem , 1991 Otten 1983; van Leeuwen & Spoor 1987; de Visser & Barel 1996 . Feeding of cichlids can roughly be divided into biting and suction (Barel 1983; Liem 1991) . A third category (ram feeding) distinguished by Liem (1991) , is not found among the species described here. Biting is used when any forceful manipulation of the food by the oral jaws is needed. However, suction feeding is the most e¤cient way to collect elusive prey. Both biting and suction place con£icting demands on the anatomy (Barel 1983) . Two models (Otten 1983; van Leeuwen & Spoor 1987 ) make predictions about e¤cient biting, the third model (de Visser & Barel 1996 concentrates on suction feeding.
The genus studied, Neochromis, is a lineage of rockdwelling biters, feeding largely on epilithic algae, but the amount of algae in the diet is variable among species and among populations of the same species. The proportions of di¡erent food types vary among rocky islands. We hypothesized that if food intake varies with resource availability, adaptive di¡erences in trophic traits will evolve.
MATERIALS AND METHODS
(a) Research area, sampling, species and populations From August 1990 until August 1991 we sampled Neochromis at four rocky islands on a south^north transect in southern Lake Victoria: Python and Anchor Islands in the Mwanza Gulf, and Makobe and Ruti Islands in the Speke Gulf. The distances between these islands are: Python^Anchor, 8.2 km; AnchorM akobe, 21.6 km; and Makobe^Ruti, 11.5 km. We sampled by angling close to, and in-between, the rock boulders around the islands, and by gill-netting in slightly deeper water (2^7 m), 530 m o¡ the shoreline. Fishes were put on ice, ¢xed in 10% formalin neutralized with sodium tetraborate (Borax), and after several months of ¢xation transferred to 70% ethanol.
We studied seven populations of three species ( (Seehausen 1996) .
(b) Diet and resource base
To determine diets we analysed stomach contents of 36^43 specimens per population (table 1), 8^12 specimens from four di¡erent seasons, namely March^May, June^August, September^November and December^February. In the case of N. omnicaeruleus from Ruti Island, we analysed 24 specimens caught in one season (June^August), because the remote island could only be reached in that period. We disregarded specimens with empty stomachs or stomachs with very few items (¢lled at less than 40%). We calculated the volumetric proportion of attached organisms, i.e. ¢lamentous algae, bryozoans and sponges, which are collected by biting techniques. The remainder of the food, the non-attached organisms, such as insect larvae, zooplankton, and diatoms, are collected by feeding techniques that involve suction.
Direct measurement of relative contributions of food items to the resource base is hampered by the infrastructure of the rocky islands, which are rich in rock holes and crevices. Therefore, we used an indirect approach. Fish densities are very high at rocky islands (11.6 m À2 at Makobe, ). Thus, food is probably limiting densities. Since the up to 30 species of haplochomine cichlids at each island exploit virtually all resources, relative biomass of species exploiting certain resources will re£ect the relative contribution of these resources to the resource base. We used the proportion of ¢shes that fed on attached organisms as an estimation of the proportion of attached organisms in the resource base (table 1). The method described above is only an approximation, but qualitative observations during catches support the results (see table 1 in ). We used non-parametric tests: consequently, only rank data have been used. To test the hypothesis that the proportion of attached organisms in the diet increases with the proportion available in the resource base, we used Jonckheere's test for the case of three populations of one species, and the one-tailed Wilcoxon^Mann^Whitney test for two populations (see Siegel & Castellan 1988) .
(c) Anatomical models
Five male individuals of about 90 mm standard length were used from each population. Linear measurements were divided by a measure of neurocranium length for standardization. We did an anatomical analysis of the prey-capture apparatus, which consists of the oral jaws and their musculature and the suspensory apparatus. Anatomical biting force F T of the lower jaw is calculated as (van Leeuwen & Spoor 1987) 
where F M is the power that can be exerted by pars 2 of the musculus adductor mandibulae (¢gure 1a), calculated as its dry weight (V m ) divided by ¢bre length (C to D, ¢gure 1a), R to Z is the length of the arm from the centre of rotation (R, ¢gure 1a) perpendicular to a muscle ¢bre to the point where it crosses this ¢bre (Z, ¢gure 1a), R to T is the length of the lower jaw from centre of rotation (R) to the tip of the most exterior tooth (T, ¢gure 1a). The ratio of arm (R to Z) and ¢bre length (C to D) is approximately constant throughout the muscle. We segmented the muscle surface in six parts and averaged the ratio over these segments.
For the upper jaw or premaxilla, trade-o¡s between suction feeding and biting are straightforward. Protrusion of the premaxilla, of importance for suction feeding, will be enhanced if the ascending arm of the premaxilla is long and the angle between the ascending arm and the dentigerous arm is small 356 N. Bouton and others Local adaptations in cichlid ¢shes Proc. R. Soc. Lond. B (1999) (43) (¢gure 1b). In contrast, transmission of biting force is optimized by shortening the ascending arm and increasing (Otten 1983 ). Head expansion during suction feeding in ¢shes involves three main movements: (i) mouth opening; (ii) outward rotation of the lateral walls (i.e. suspensorium and gill cover); and (iii) depression of the bottom of the mouth. Evidently, mouth opening should start prior to the other two movements. From their kinematic model of the expansion apparatus in ¢shes, De Visser & Barel (1996) derived a quantitative measure for the degree of e¤ciency by which the apparatus of a specimen was able to ful¢l this demand. A simpli¢ed representation of this measure and its kinematic background is given here (¢gure 2). The three-dimensional model concerns two doors, representing left and right suspensorium, each suspended by a hinge joint from a ceiling (the ventral face of the neurocranium). The hyoid bones articulate with the inner side of each door. The other ends of the hyoids articulate with each other in the medial plane. On this symphysis operates the expansion force (F E ), which via complex anatomical chains with the hyoid as a central element causes all expansion movements. For instance, the expansion force will cause an outward rotation of the suspensorium (¢gure 2). The model allows two types of movements: (i) rotation of the two hyoids together (the hyoid chevron) around a hypothetical axis through its left and right articulation with the suspensorium and (ii) widening of the angle between the two hyoids. Hyoid chevron rotation and angle widening are measured, respectively, by the angular parameters ' and , the anatomical de¢nitions of which are not needed here. Note that changing necessarily involves suspensorial rotation. Otherwise stated: for every there is a corresponding position of the suspensorium. From the foregoing it may be understood, that among all , ' positions feasible there will be several for which the hyoids are positioned in the plane of the (model's) suspensorium. In these positions the expansion force will cause no outward rotation of the suspensorium and, ideally, at the onset of suction feeding the hyoid should be in such a position (de Visser & Barel 1998) . However, anatomical constraints may preclude the hyoid from obtaining this optimal starting position. As an estimate of the degree of deviation from this optimality, the distance of the real anatomical hyoid position to the curve of optimal positions (d) could be measured (see De Visser & Barel (1996 
for details).
Constructional constraints restrict the possibility of optimizing both suction feeding and biting at the same time, e.g. F T and d. Biting force (F T ) may be improved by an increase of the cross-section of the m. adductor mandibulae. To accommodate this thicker muscle the head has to widen, which implies a lateral displacement of the touching point between the hyoid and the suspensorium (¢gure 2). This displacement increases the angle between the hyoids, which in turn a¡ects the optimality of the starting position of the hyoid (d) negatively (de Visser & Barel 1996) . Barel 1996 Barel , 1998 . Note that the expansion force F E and ' rotation are in the medial plane, while rotation is in the plane of the two hyoids. (b) , ' curve, d is the distance to the curve, which gives optimality of the hyoid position for all combinations of and '. and (iii) N. rufocaudalis and N. omnicaeruleus from Makobe Island. For intraspeci¢c comparisons we used three populations of N. rufocaudalis, and two of both N. greenwoodi and N. omnicaeruleus (table 1) . To test whether there were di¡erences in the predicted direction we used one-tailed analyses of variance (ANOVAs), performed in Statgraphics. We did a Bonferroni procedure, because all groups are used in two comparisons.
RESULTS

(a) Resource availability and diet
In N. rufocaudalis and N. greenwoodi the proportion of attached organisms in the diet increases signi¢cantly with the estimated proportion in the resource base (table 1) . It is likely that the same holds for N. omnicaeruleus, but the sample of Ruti Island is unfortunately rather small (table 1) . For all populations of N. rufocaudalis, proportions of attached organisms in the diet were higher than in the local resource base, while for populations of N. greenwoodi and N. omnicaeruleus proportions in the diet and the resource base were roughly the same (table 1) . Among sympatric populations, N. rufocaudalis always had the highest proportion of attached organisms in its diet.
(b) Anatomical comparisons of sympatric species
Of the three species pairs we predict that N. rufocaudalis will be better adapted to biting and N. greenwoodi or N. omnicaeruleus to suction. The species pair that di¡ered most in diet, i.e. N. greenwoodi and N. rufocaudalis from Python Island, di¡ered in three anatomical aspects in the predicted direction (¢gure 3): (i) the hyoid position (d) of N. greenwoodi is better suited for suction (p50.1); (ii) the ascending arm of the premaxilla is longer (p50.01); (iii) the angle is smaller in N. greenwoodi than in N. rufocaudalis (p50.01). The latter two aspects of the premaxilla are better suited for suction in N. greenwoodi and for biting in N. rufocaudalis. According to predictions anatomical biting force of the lower jaw is larger in N. rufocaudalis than in N. greenwoodi from Anchor Island (p50.1). N. omnicaeruleus from Makobe island is better adapted to suction feeding than N. rufocaudalis from the same island, since d is smaller (p50.1) and the ascending arm of the premaxilla is longer (p50.05, ¢gure 3), which is also in accordance with predictions.
(c) Intraspeci¢c anatomical comparisons
For all three species we predict that populations adapt to either biting or suction with respectively increasing or decreasing amounts of attached organisms in the diet. The two populations of N. greenwoodi di¡ered in the predicted direction in three out of four aspects of the anatomy: hyoid position d (p50.05) and the two aspects of the premaxilla, the angle (p50.05) and the length of the ascending arm (p50.05, ¢gure 3). In the two populations of N. omnicaeruleus we found an increase in anatomical biting force of the lower jaw in concordance with increasing proportion of attached organisms in the diet (p50.05, ¢gure 3). In the three populations of N. rufocaudalis there is an increasing trend of anatomical biting force of the lower jaw in concordance with diet (¢gure 3).
DISCUSSION (a) Trophic diversi¢cation
Neochromis species change the amount of attached organisms in their diet with the estimated availability in the environment. This may indicate that resource availability in the environment provides a stronger selection force than other forces within the community, such as interspeci¢c interactions. The major part of the diet of N. rufocaudalis and N. omnicaeruleus always consisted of attached organisms. We found trends indicating that biting force of the lower jaw increased with the proportion of attached organisms in the diet, while no such trends were found in the other aspects of the anatomy studied in these species. The major part of the diet of N. greenwoodi consisted of non-attached organisms; this was more extreme in the population from Python than in the population from Anchor Island. We found adaptations towards suction feeding in the population from Python Island, while no di¡erences between populations were found in anatomical biting force of the lower jaw. Thus, in all three species the dominant way of feeding, biting in N. rufocaudalis and N. omnicaeruleus and suction feeding in N. greenwoodi, seems to induce changes in the feeding apparatus. We did not ¢nd trade-o¡s between specialization for suction (hyoid position d) and biting force of the lower jaw. Probably changes are too small to ¢nd such an e¡ect. For instance, the range of hyoid positions (d) is about 10^16 among the three Neochromis species, while for all Lake Victoria species this range is about 0^18 (de Visser & Barel 1996) .
(b) Genetic divergence versus phenotypic plasticity
Two processes may cause anatomical di¡erences between populations of rock-dwelling haplochromines, namely (i) genetic divergence due to local adaptation or genetic drift and (ii) developmental plasticity. Measuring heritabilities of anatomical properties is necessary to assess the relative roles of the two processes. However, there is some evidence that genetic divergence plays a role. Populations of N. greenwoodi, including the ones studied here, did show di¡erent mitochondrial haplotype frequencies (Dorit 1990 ), which indicates a restricted gene £ow between populations and allows genetic divergence. N. greenwoodi from Python Island and Anchor Island, which were bred in tanks under similar conditions in our laboratory, did not show visible character convergence for two generations. Developmental plasticity of the feeding apparatus could be demonstrated experimentally in haplochromine cichlids including N. rufocaudalis and N. greenwoodi, when siblings were reared on di¡erent food types (Witte et al. 1990 ; N. Bouton, personal observation). Thus, adaptations of populations in the ¢eld probably result from genetic divergence, while developmental plasticity may have an augmentative e¡ect. In conclusion, adaptive divergence, as described here, can lead to intralacustrine, allopatric speciation and may also play a role in adaptive radiation after sympatric and parapatric speciation by sexual selection.
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